The optimal sequence of irinotecan and oxaliplatin-based regimens for metastatic colorectal cancer remains unclear. We conducted a population-based observational study by retrospectively reviewing records from Taiwan's National Health Insurance Research Database to explore this issue. Patients aged 20 years with metastatic colorectal cancer newly diagnosed between 2004 and 2008 (n = 9490) were enrolled in current study. Among these 9490 patients, 3895 patients (41.04%) did not receive any chemotherapy within the first three months after catastrophic illness registration. Patients who received best supportive care were older and had higher Charlson comorbidity indexes and incidences of comorbidities than those who received irinotecan-based regimens, oxaliplatin-based regimens, and 5-fluorouracil/capecitabine alone. Patients who received irinotecan followed by oxaliplatinbased regimens and those who received the reverse sequence were further stratified into arm A (n = 542) and arm B (n = 1156), respectively. The median first time to next treatment was not significantly different between arm A and arm B (210 days vs. 196 days; p = 0.17). However, the median second time to next treatment was longer in arm A than in arm B (155 days vs. 123 days; p = 0.006), which translated into a better overall survival (487 days vs. 454 days; p = 0.02). The crossover rate was higher in arm A than in arm B (47.84% vs. 41.61%; p<0.001). Multivariate Cox regression analyses showed that overall survival was comparable between the two chemotherapy sequences (p = 0.27). Our study suggested that irinotecan followed by oxaliplatin-based regimens might be a better chemotherapy treatment option for metastatic colorectal cancer than the reverse sequence given the higher crossover rate and potential overall survival benefit.
Introduction
Colorectal cancer is the fourth most common cancer in the United States, with more than 140,000 new cases diagnosed each year [1] . Approximately half of the patients with colorectal cancer will eventually develop inoperable metastatic disease and require palliative chemotherapy. Higher response rate and prolongation of progression-free survival (PFS) and overall survival (OS) are the treatment goals of palliative chemotherapy for inoperable metastatic colorectal cancer (mCRC). Irinotecan or oxaliplatin combined with fluorouracil/leucovorin is currently considered to be the chemotherapy backbone for mCRC [2] . Oxaliplatin plus 5-fluorouracil/leucovorin demonstrated a superior PFS compared with 5-fluorouracil/leucovorin alone in mCRC patients [3] . Moreover, mCRC patients receiving irinotecan plus 5-fluorouracil/leucovorin have been shown to have a longer PFS and OS than those receiving 5-fluorouracil/leucovorin alone [4] .
Unfortunately, disease progression is almost unavoidable after front-line chemotherapy. Second-line oxaliplatin and irinotecan-based regimens may be reasonable options for mCRC patients who have failed front-line irinotecan and oxaliplatin-based regimens, respectively. The optimal sequence of irinotecan and oxaliplatin-based regimens for mCRC remains a matter of debate. In a phase III randomized Groupe Coopérateur Multidisciplinaire en Oncologie (GER-COR) study, PFS and OS were similar between patients treated with FOLFIRI (leucovorin, 5-fluorouracil, and irinotecan) followed by FOLFOX6 (leucovorin, 5-fluorouracil, and oxaliplatin) and those treated with the reverse sequence [5] , suggesting that the sequence of oxaliplatin and irinotecan-based regimens does not significantly impact patient outcome. Notably, the crossover rate after disease progression was higher for patients treated with first-line FOLFIRI than for patients treated with first-line FOLFOX6.
In the past decade, various biological therapies for mCRC have emerged and have been integrated into cytotoxic regimens. Addition of the anti-vascular endothelial growth factor monoclonal antibody bevacizumab to irinotecan-based chemotherapeutic regimens has been shown to improve both PFS and OS in mCRC patients [6] . FOLFIRI in combination with the anti-epidermal growth factor receptor monoclonal antibody cetuximab has been suggested to improve PFS compared with FOLFIRI alone in KRAS wild-type mCRC patients [7] . Because much of the focus of mCRC treatment has shifted toward the combined use of biological and cytotoxic therapies in upfront settings, optimal chemotherapeutic strategies for mCRC have become an unmet clinical need and require further investigation.
The aim of this study was to investigate the real-world chemotherapeutic strategies for mCRC before the era of biological therapy using nationwide population-based data. In addition, patient outcomes were compared between different sequences of irinotecan and oxaliplatin-based regimens.
Materials and Methods

Data source
The population for this study was derived from the Longitudinal Health Insurance Database, which is based on the Taiwanese National Health Insurance Research Database. This database contains comprehensive clinical records for insured persons. Patient data obtained from the clinical records included anonymized identification numbers, demographic characteristics, inpatient and outpatient dates, diagnostic codes (International Classification of Disease, 9th Revision, Clinical Modification [ICD-9-CM]), and prescriptions ordered between March 1995 and December 2010. More than 99% of the entire population of Taiwan is included in this database. The details of this population-based database have been described previously [8] .
The study protocol was approved by the institutional review board of Taichung Veterans General Hospital, and the requirement for written informed consent from the participants was waived by the institutional review board of Taichung Veterans General Hospital (CE13151-1).
Study population
Patient selection criteria are shown in Fig 1. Patients with colorectal cancer newly diagnosed between 2004 and 2008 (n = 48220) were identified using ICD-9-CM codes 153 and 154. Colorectal cancer diagnosis was further confirmed by catastrophic illness registration. Among these 48220 colorectal cancer patients, 11356 (23.6%) patients diagnosed with stage IV disease were identified using the ICD-9-CM codes 197 and 198. To further validate the use of ICD-9-CM diagnosis codes for patient identification, the distribution of stage IV disease in our study cohort and Taiwan's national cancer registration data were compared and found to be similar [9] . Patients who had received biological agents and patients with non-metastatic disease, other malignancies, or incomplete demographic data were excluded (n = 38730). Thus, a total of 9490 mCRC patients were included in the analysis. To eliminate lead-time bias as much as possible, patients who did not undergo chemotherapy within the first three months after catastrophic illness registration were considered to have received best supportive care only (3895/9490, 41.04%). Patients who underwent chemotherapy within the first three months after catastrophic illness registration were stratified into three groups according to front-line therapies, which were irinotecan-based regimens (1133/9490, 11.94%), oxaliplatin-based regimens, (2778/9490, 29.27%), and 5-fluorouracil/capecitabine alone (1684/9490, 17.74%). Patients who received irinotecan followed by oxaliplatin-based regimens and those who received the reverse sequence were further stratified into arm A (n = 542) and B (n = 1156), respectively. The median followup time for patients in arm A and arm B was 594 days and 550 days, respectively (p = 0 .07).
Comorbidities and outcome measures
Hypertension (ICD-9-CM codes 401-405), diabetes (ICD-9-CM code 250), hyperlipidemia (ICD-9-CM code 272), cardiovascular disease (ICD-9-CM codes 390-438), and chronic kidney disease (ICD-9-CM code 585) were considered major comorbidities. Patients diagnosed with primary or secondary comorbidities within one year of the date of catastrophic illness registration (outpatient or inpatient care) were considered to have comorbidities. Charlson comorbidity index (CCI) was also used to evaluate overall comorbidity. [10] Outcome measures included first time to next treatment (TTNT1), second time to next treatment (TTNT2), and OS. TTNT1 was defined as the period between the initiation of first and second-line chemotherapy. TTNT2 was defined as the period between initiation and cessation of second-line chemotherapy. OS time was defined as the time from the initiation of firstline chemotherapy to the time of death.
Statistical analysis
The Chi-square test, Student's t-test, and analysis of variance were used to compare clinical variables among groups. To examine the relationship between treatment sequence and survival, multivariate Cox proportional hazards models, stratified by age, gender, and comorbidities, were used to calculate adjusted hazard ratios (HRs) and their 95% confidence intervals (CIs). TTNT1, TTNT2, and OS were compared between arm A and arm B using the Wilcoxon rank sum test. Two-tailed p values < 0.05 were considered statistically significant. All statistical analyses were performed using SAS statistical software (version 9.2 for Windows; SAS Institute Inc., Cary, NC, USA).
Results
Real-world treatment of mCRC in Taiwan
Of 9490 mCRC patients, 5595 (58.96%) patients were treated with chemotherapy within the first three months after catastrophic illness registration. Among these 5595 patients, 1133 (20.25%) and 2778 (49.65%) received front-line irinotecan and oxaliplatin-based chemotherapy, respectively. Notably, 5-fluorouracil or capecitabine alone was the front-line treatment in 1684 (30.10%) patients.
Of 9490 mCRC patients, 3895 (41.04%) did not receive any chemotherapeutic agents within the first three months after catastrophic illness registration. Therefore, clinical characteristics were compared between patients receiving and not receiving palliative chemotherapy (Table 1) . Patients who were treated with best supportive care were older (p< 0.001) and had higher CCIs (p<0.001) and incidences of hypertension (p<0.001), diabetes (p<0.001), cardiovascular disease (p<0.001), and chronic kidney disease (p<0.001) than those who were treated with irinotecan-based regimens, oxaliplatin-based regimens, and 5-fluorouracil/capecitabine alone, indicating that comorbidities could be a major deterrent for mCRC patients to undergo chemotherapy. In addition, age, gender, and comorbidities were very similar between patients who received front-line irinotecan and oxaliplatin-based regimens, suggesting that these clinical characteristics are not useful indicators for the selection of front-line irinotecan or oxaliplatin-based regimens in mCRC patients.
Patients treated with irinotecan followed by oxaliplatin-based regimens had a higher crossover rate than those treated with the reverse sequence
To determine the appropriate sequence of irinotecan and oxaliplatin-based regimens for mCRC, we compared the crossover rate between mCRC patients who received irinotecan followed by oxaliplatin-based regimens (arm A; n = 542) and those who received the reverse sequence (arm B; n = 1156). Crossover was defined as delivery of the other cytotoxic agent at least twice within two months. Clinical characteristics including age (p = 0.67), gender (p = 0.95), CCI (p = 0.78), and incidences of hypertension (p = 0.68), diabetes (p = 0.95), hyperlipidemia (p = 0.22), cardiovascular disease (p = 0.90), and chronic kidney disease (p = 0.46) were not significantly different between the two arms ( Table 2) . Although less than half of the patients in both arms could cross over to the second-line treatment, the crossover rate was higher in arm A than in arm B (47.84% [542/1133] vs. 41.61% [1156/2778]; p<0.001). TTNT2 and OS, but not TTNT1, were better in patients receiving irinotecan followed by oxaliplatin-based regimens than in patients receiving the reverse sequence 
Irinotecan and oxaliplatin-based chemotherapy sequences yielded similar OS in mCRC patients
Cox proportional hazards regression adjusted by age, gender, hypertension, diabetes, hyperlipidemia, cardiovascular disease, and chronic kidney disease was used to identify patients who may derive greater benefit from front-line irinotecan-based regimens followed by second-line oxaliplatin-based regimens or the reverse sequence (Fig 3) . The overall HR for oxaliplatin followed by irinotecan-based regimens versus the reverse sequence was 1.06 (95% CI: 0.95−1.19; p = 0.27), suggesting that OS was comparable between these two treatment sequences. Furthermore, age, gender, and comorbidities (hypertension, diabetes, hyperlipidemia, cardiovascular disease, and chronic kidney disease) were not independently associated with better OS in patients treated with either irinotecan followed by oxaliplatin-based regimens or the reverse sequence.
Discussion
Although palliative chemotherapy is a standard of care for mCRC, our nationwide populationbased study showed that less of 60% of mCRC patients in Taiwan received chemotherapeutic treatment within the first three months after diagnosis. Comorbidities such as hypertension, diabetes, cardiovascular disease, and chronic kidney disease were the major reason for mCRC patients not to undergo palliative chemotherapy. Promising OS benefit not necessarily obtained by early chemotherapy could be another possibility because a meta-analysis by Ackland et al. [11] showed that OS is not significantly different between asymptomatic mCRC patients who received immediate or delayed chemotherapy, suggesting that immediate chemotherapy might not always be needed for mCRC patients. Additionally, although multiple phase III trials have shown that doublet chemotherapy with 5-fluorouracil and irinotecan/oxaliplatin provides both superior PFS and OS compared with monotherapy with 5-fluorouracil in mCRC patients [3, 12] , 5-fluorouracil or capecitabine alone remained one of the front-line treatment options in our study cohort. These data suggest that the adverse effects of doublet chemotherapy regimens are still of concern to physicians and patients in a real-world practice. We aimed to determine the best sequence of irinotecan and oxaliplatin-based regimens for mCRC. Our study results showed that TTNT1 was comparable between the two treatment sequences. Our finding was at least partially supported with a previous phase III randomized trial showing that the same median time to progression (7 months) was achieved with FOLFIRI and FOLFOX4 regimens in mCRC patients [13] . In terms of second-line chemotherapy, our study results demonstrated that TTNT2 was significantly longer in patients in arm A than in patients in arm B (155 days vs. 123 days). In a GERCOR study [5] , median PFS was longer in patients who received second-line FOLFOX6 than in patients who received second-line FOL-FIRI (4.2 months vs. 2.5 months). In addition, chemotherapy-associated side effects were comparable between the two groups, except for the higher neuropathy rate in the FOLFOX6 group. Importantly, the longer TNTT2 may have contributed to the better overall survival in mCRC patients receiving irinotecan followed by oxaliplatin-based regimens in our study. Our findings suggest that irinotecan-based regimens should be used as first-line chemotherapy instead of oxaliplatin-based regimens in patients with mCRC.
Although mCRC patients receiving front-line irinotecan-based regimens had a better OS compared with those receiving front-line oxaliplatin-based regimens, the multivariate Cox proportional hazards regression analysis failed to confirm the superior survival rate of frontline irinotecan-based regimens. The overall HR for oxaliplatin followed by irinotecan-based regimens versus the reverse sequence was not significant, suggesting that the two sequences provide a similar survival benefit in mCRC patients. Oxaliplatin-based chemotherapy has been shown to be more beneficial in KRAS-mutated mCRC than in KRAS wild-type mCRC [14] . In our study, we were unable to identify any clinical variables that might be useful in selecting the appropriate chemotherapy sequencing approach. Age, gender, hypertension, diabetes, hyperlipidemia, cardiovascular disease, and chronic kidney disease were not associated with OS in either treatment arm. Notably, the crossover rate was higher for patients treated with front-line irinotecan-based regimens than for those treated with front-line oxaliplatin-based regimens. The higher rate of neuropathy in patients receiving front-line oxaliplatin may explain the higher crossover rate for front-line irinotecan-based regimens.
The major limitation of the current study was the retrospective study design. In addition, our study did not investigate the impact of biological therapies on outcome. Whether the addition of biological agents to sequential cytotoxic regimens would have influenced our study results is unclear. A future subgroup analysis from the United States intergroup phase III C80405 trial of combined cetuximab/bevacizumab and FOLFOX/FOLFIRI will help address this issue [15] .
Conclusions
Our study showed that less than 60% of mCRC patients in Taiwan received early palliative chemotherapy. Older patients and those with higher CCIs, hypertension, diabetes, cardiovascular disease, and chronic kidney disease preferred to receive best supportive care. The crossover rate was higher for patients treated with front-line irinotecan-based regimens followed by second-line oxaliplatin-based regimens than for those treated with the reverse sequence. The higher crossover rate and longer TTNT2 for irinotecan followed by oxaliplatin-based regimens may translate into an OS benefit in mCRC patients. Our study not only presented a real-world treatment of mCRC before the era of biological agents, but also provided a reasonable strategy for choosing the optimal chemotherapeutic backbone for the integration of newly developed biological agents. Data from studies with prospective and randomized-controlled designs, however, are required for more solid conclusions.
